To maintain proper fermentation and to produce high-quality food products, it is necessary to measure the cell density and vitality of a brewing yeast. Several methods, such as methylene blue staining (Sami et al., 1994) , acidification power test (Kara et al., 1988) , cumulative acidification power test (Patino et al., 1993) , intracellular pH determination (Imai et al., 1994) , and dielectric measurement (Mishima, 1993) have been used for these measurements. It is difficult to accurately determine subtle differences in the vitality of yeast cells by methylene blue staining method because this method distinguishes only between dead and living cells. Although methods based on the proton extrusion activity can determine subtle differences in the vitality of yeast cells, these methods are time consuming and involve complicated procedures.
It is well-known that microbial cells reduce various chemical mediators such as quinones, Fe(CN) 6 3Ϫ , phenazines, and 2,6-dichlorophenol indophenol (Fulzt & Durst, 1982) . Thus, techniques based on the metabolism of chemical mediators for the measurement of microbial cell density have been reported (Kondo et al., 2002; Miki et al., 1994; Nishikawa et al., 1982; Nishimoto & Yamashoji, 1994; Rossetti et al., 1994) . Quinone is thought to be the most effective compound as a chemical mediator for this assay because it has been used not only as a chemotaxonomic marker in microbial systematics but also as a good measure of microbial populations in the environment in terms of quantity, quality, and activity (Hiraishi, 1999) .
We have developed the electrochemical measurement of the cell density and vitality of yeast using 2,3,5-trimethyl-1,4-benzoquinone (BQ). 2,3,5-Trimethyl-1,4-BQ was reduced to the corresponding hydroquinone by yeast cells, and then the produced hydroquinone was detected amperometrically on a glassy carbon electrode as shown in Fig. 1 . In addition, we confirmed that ethanol was essential for the effective metabolism of quinones by yeast cells. This article describes this new method and the effect of ethanol concentration on the metabolism of quinones by yeast cells.
Materials and Methods
Reagents 2,3,5-Trimethyl-1,4-hydroquinone was bought from Tokyo Kasei Co. (Tokyo). Dicyclohexylcarbodiimide (DCCD) was obtained from Wako Pure Chemical (Osaka). Dicumarol was bought from Sigma Chemicals (St. Louis, MO). All other chemicals were of analytical reagent grade and were used without further purification.
2,3,5-Trimethyl-1,4-BQ was obtained by means of the oxidation of 2,3,5-trimethyl-1,4-hydroquinone with PbO 2 (Surrey, 1955) .
Growth and harvest of yeast Saccharomyces cerevisiae strain (ATCC 26422, Kyokai No.7) was used throughout this study unless otherwise mentioned. This strain is widely used in the brewing of Japanese sake. Yeast cells were grown aerobically at 30˚C for 20 h in a medium containing 0.3% yeast extract, 0.3% malt extract, 0.5% peptone, and 2.0% glucose. The medium was then centrifuged at 3500 g for 5 min. The yeast pellet was washed twice with distilled water and suspended in 50 mM phosphate buffer (pH 7.0). Cell density was determined microscopically with a hemacytometer.
Measurement of the cell density and vitality of yeast Yeast cells were incubated in 50 mM phosphate buffer (pH 7.0) containing 0.24 mM mediators and 0-20% ethanol at 25˚C. The oxi-dative current for the mixture in which the yeast cells were incubated with mediators was measured for 5 min. All measurements were carried out under aerobic conditions in order to simplify the procedure and apparatus, considering that this method would be put into practice. Electrochemical measurements were performed with a voltammetry control unit (CV-1B, Bioanalytical Systems, West Lafayette, IN). Glassy carbon, Ag/AgCl, and platinum wire served as working, reference, and counter electrodes, respectively. Amperometric experiments were run by applying each fixed potential for mediators at the working electrode vs. Ag/AgCl. Each applied potential was set at a more positive value than that of an anodic peak observed by cyclic voltammetry experiments (data not shown). Cyclic voltammetry experiments were run at 100 mV/s as a potential scan rate.
Extraction and measurement of DT-diaphorase from yeast cells Harvested yeast cells were suspended in 0.9 M sorbitol solution containing zymolyase-20T (5 units/ml, Seikagaku Co., Tokyo) and incubated at 30˚C for 2 h. Then, the solution was centrifuged at 3500 g for 5 min to collect the protoplasts. The protoplasts obtained were suspended and homogenized with glass beads (425-600 m, Sigma Chemicals) in 50 mM phosphate buffer (pH 7.0). The homogenate was centrifuged at 8000 g for 15 min, and the supernatant was filtered with a membrane filter (0.20 m) to use for the measurement of DT-diaphorase activity.
The activity of DT-diaphorase was assayed in 50 mM phosphate buffer (pH 7.0) containing 0.5 mM NADH, 0.24 mM 2,3,5-trimethyl-1,4-BQ and 0-20% ethanol. The oxidative current for the reaction mixture was measured for 5 min by the electrochemical method.
Results and Discussion
Comparison of mediator Various compounds can be used as chemical mediators for the measurement of the cell density and vitality of yeast. We used quinones as chemical mediators because they are present in all species of respiratory and photosynthetic microorganisms (Hiraishi, 1999) . Therefore, various derivatives of naphthoquinone or BQ were applied to the measurement of yeast cells. Figure 2 shows the effect of mediators on the metabolism by yeast cells in the presence of 2% ethanol. As shown, some BQs gave relatively high oxidative currents; in particular, the maximum oxidative current was obtained when 2,3,5-trimethyl-1,4-BQ was used. The high oxidative currents were obtained under anaerobic condition when some naphthoquinones were used (data not shown). However, under aerobic condition, oxidative currents were only slightly obtained when 1,4-naphthoquinone or 2-methyl-1,4-naphthoquinone was used. One reason is that naphthohydroquinones produced from naphthoquinones by yeast cells were rapidly oxidized in the presence of oxygen molecules. The other reason is that the naphthohydroquinones produced were rapidly oxidized to generate O 2 Ϫ и and H 2 O 2 , and these reactive oxygen species gave oxidative stress to the yeast cells and; as a result, the yeast cells were damaged by the increased incubation time (Jamieson, 1992) . On the other hand, hydroquinones generated from BQs by yeast cells are relatively stable under aerobic condition. It appears likely that these differences are related to the structural properties of the reduced forms of these mediators. Therefore, we decided to use 2,3,5-trimethyl-1,4-BQ as a mediator in subsequent experiments.
The effect of the concentration of 2,3,5-trimethyl-1,4-BQ on the metabolism by yeast cells was studied. The oxidative current increased with increasing concentration of 2,3,5-trimethyl-1,4-BQ up to 0.24 mM, then rose slightly above this concentration (data not shown). Thus, 2,3,5-trimethyl-1,4-BQ was used at the concentration of 0.24 mM.
The amperometric experiment was run by applying a fixed potential of ϩ240 mV for 2,3,5-trimethyl-1,4-BQ on the working electrode vs. Ag/AgCl.
Effect of ethanol concentration BQs are usually dissolved in ethanol and used for measurement of the cell density and vitality of yeast because these quinones are slightly soluble in water. However, little attention has been given to the effect of ethanol on the metabolism of mediators by microbial cells. Therefore, the effect of the concentration of organic solvents, including ethanol, on the metabolism of 2,3,5-trimethyl-1,4-BQ by yeast cells was of interest. As shown in Fig. 3 , the oxidative current increased with increasing ethanol concentration and the maximum value was obtained at the concentration of 8%; above an ethanol concentration of around 10% this current decreased. The high concentration of ethanol would increase the membrane permeability of yeast cells, and cause an increase in the leakage of metabolites and nucleotides (Mizoguchi & Hara, 1998) . In addition, the activity of DT-diaphorase, which is thought to reduce 2,3,5-trimethyl-1,4-BQ in yeast cells, may be inhibited at high concentration of ethanol. It is thought that the decrease in the oxidative current is due to these factors. The metabolism of 2,3,5-trimethyl-1,4-BQ was also promoted by a low concentration of 1-propanol and 1-butanol, while 2,3,5-trimethyl-1,4-BQ was hardly reduced in the presence of methanol. This result shows that ethanol is essential for the effective metabolism of quinones by yeast cells. Figure 4 shows the effect of ethanol concentration on the metabolism of 2,3,5-trimethyl-1,4-BQ by various strains of yeast. Saccharomyces cerevisiae and Zygosaccharomyces rouxii were used as the strains. The maximum oxidative currents were obtained at the ethanol concentration of 8-10% in all strains of yeast. Recently, there has been some progress in understanding ethanol tolerance. Plasma membrane phospholipids have been shown to play an important role in the ethanol tolerance mechanism (D'amore & Stewart, 1987; Mishra & Kaur, 1991; Mizoguchi & Hara, 1996) . The difference in fatty acid composition of plasma membranes is shown to dramatically alter the permeability barrier of plasma membranes. The maintenance of the plasma membrane as a permeability barrier appears to lead to a high ethanol tolerance. It is well-known that there is a difference in ethanol tolerance between S. cerevisiae and Z. rouxii (Kusumegi, 2001) . S. cerevisiae used in sake and wine brewing can grow more than 10% ethanol; on the other hand, the growth of Z. rouxii used in soy sauce and miso brewing can be inhibited by 3% ethanol. This indicates a difference in the fatty acid composition of plasma membranes between the two strains (Ushio, 1994; Yoshikawa et al., 1995; Yoshizawa et al., 1996) . However, the effect of ethanol concentration on the metabolism of 2,3,5-trimethyl-1,4-BQ by S. cerevisiae was similar to that by Z. rouxii. It seems reasonable to conclude that the difference in the fatty acid composition of plasma membranes has no influence on the promotion of the metabolism of 2,3,5-trimethyl-1,4-BQ by ethanol over a short period.
Increase of the plasma membrane permeability by ethanol We examined the effect of DCCD, which is thought to affect ion transport in yeast cells (Sami et al., 1994) , on the metabolism of 2,3,5-trimethyl-1,4-BQ. The metabolism by yeast cells was increased when DCCD was added to the reaction mixture as shown in Fig. 5 (a, b, c, d ). It is thought that the influx of 2,3,5-trimethyl-1,4-BQ is increased due to dissipation of the function of the plasma membrane. This result suggests that the plasma membrane may function as a permeability barrier against 2,3,5-trimethyl-1,4-BQ. The metabolism by yeast cells was also increased due to the addition of ethanol to the reaction mixture. Promotion of the metabolism of 2,3,5-trimethyl-1,4-BQ by ethanol is thought to be mainly related to the increase of the plasma membrane permeability of yeast cells as well as DCCD. However, it has been reported that ethanol can increase the membrane permeability of yeast cells, and cause an increase in the leakage of essential metabolites and nucleotides (Mizoguchi & Hara, 1998) . This ethanol-induced increase in membrane leakage results from damage to the hydrophobic core of the membrane. Therefore, the promotion of the metabolism by ethanol is not due to a specific effect on the ion transport but likely to be due to a nonspecific permeability increase of the plasma membrane.
Added to this, it is possible to build another hypothesis that the activity of DT-diaphorase, which is thought to reduce 2,3,5-trim- 6 cells/ml assay solution) were incubated in 50 mM phosphate buffer (pH 7.0) containing 0.24 mM 2,3,5-trimethyl-1,4-BQ and 0-20% ethanol at 25˚C for 5 min. S. cerevisiae: sake K-7, ᮀ; sake K-9, ᭺; sake K-10, ᭛; sake K-11, ᭝; wine, ᭞. Z. rouxii: soy sauce, ᭹; miso, .
ethyl-1,4-BQ in yeast cells, may be activated by ethanol. First, the effect of dicumarol, which is a specific inhibitor of DT-diaphorase (Ernster et al., 1962) , on the metabolism of 2,3,5-trimethyl-1,4-BQ was studied. The metabolism by yeast cells was decreased when dicumarol was added to the reaction mixture as shown in Fig. 5 (a, e, f) , indicating that the metabolism of 2,3,5-tetramethyl-1,4-BQ is accomplished by DT-diaphorase. A study of the effect of ethanol concentration on the activity of DT-diaphorase extracted from yeast cells showed that 2,3,5-trimethyl-1,4-BQ was reduced by DT-diaphorase without ethanol because the plasma membrane, which functions as a permeability barrier against quinones, was eliminated in the process of extraction of the enzyme (data not shown). Then, the oxidative current decreased with increasing ethanol concentration. It is clear that DTdiaphorase is inhibited by ethanol.
It is reported that the metabolism of 2-methyl-1,4-naphthoquinone is promoted by the addition of glucose because intracellular NADH concentration is increased (Miki et al., 1994; Yamashoji et al., 1991) . To learn the effects of glucose and ethanol concentration on the metabolism of 2,3,5-trimethyl-1,4-BQ and intracellular NADH concentration, intracellular NADH was extracted and determined according to the method described by Lilius et al. (1979) . The addition of glucose to yeast cells caused an increase in the oxidative current and intracellular NADH concentration (data not shown). These results suggested that glucose was rapidly metabolized by glycolysis to produce NADH, and then the metabolism of 2,3,5-trimethyl-1,4-BQ was promoted with increasing NADH concentration. On the other hand, the addition of ethanol to yeast cells caused an increase in the oxidative current but not intracellular NADH concentration. Therefore, the addition of ethanol caused promotion of the metabolism of 2,3,5-trimethyl-1,4-BQ without an increase in intracellular NADH concentration.
These results lead to the conclusion that promotion of the metabolism of 2,3,5-trimethyl-1,4-BQ is based on a direct and Time course for the oxidative current, cell density and glucose concentration. Yeast cells were grown at 30˚C in a medium containing 0.3% yeast extract, 0.3% malt extract, 0.5% peptone, and 10.0% glucose. For the assay, yeast cells harvested from the medium were incubated in 50 mM phosphate buffer (pH 7.0) containing 0.24 mM 2,3,5-trimethyl-1,4-BQ and 8% ethanol at 25˚C for 5 min. Cell density was measured at 600 nm with a spectrophotometer. Glucose concentration in the medium was determined by HPLC.
nonspecific permeability increase of the plasma membrane by ethanol molecules.
Application Yeast cells prepared at various densities were measured in the presence of 8% ethanol in order to evaluate the applicability of the present method to measurement of the cell density of yeast. Yeast cells harvested immediately after incubation for 20 h were diluted with 50 mM phosphate buffer (pH 7.0) to various densities and used for the measurement. Methylene blue staining confirmed that yeast cells were almost all viable. As shown in Fig. 6 , a linear relationship between the oxidative current and cell density of yeast was obtained in the range of 6.4ϫ10 3 -1.6ϫ10 6 cells/ml assay solution. The relative standard deviation from six measurements was 3.23% at 1.5ϫ10 6 cells/ ml assay solution level. Figure 7 shows the time course for the oxidative current obtained by the proposed method, cell density and glucose concentration during the cultivation of yeast cells. Cell density was measured at 600 nm with a spectrophotometer (Shimadzu UV-2200A, Kyoto). Glucose concentration was determined by a HPLC (Tosoh Co., Tokyo). Yeast cells were grown at 30˚C in a medium containing 0.3% yeast extract, 0.3% malt extract, 0.5% peptone, and 10.0% glucose. The oxidative current increased from the logarithmic phase to the stationary phase, and was constant in the stationary phase as was cell density. After the glucose was completely consumed, cell density remained constant but the oxidative current decreased. In the logarithmic phase, the glucose was mainly consumed for the growth of yeast cells, while in the stationary phase, the glucose was exclusively consumed for the production of ethanol. The metabolism of 2,3,5-trimethyl-1,4-BQ is always accomplished by DT-diaphorase so long as NADH is generated continuously through the glycolytic path in the logarithmic and stationary phases. After the glucose was completely consumed, the metabolism of 2,3,5-trimethyl-1,4-BQ decreased since the NADH concentration was lower in the yeast cells. Thus, during the cultivation of yeast cells the oxidative current showed almost parallel change with that of glucose in yeast growth and fermentation, suggesting that the oxidative current change reflected the vitality of yeast cells.
This method can be applied to the measurement of cell density and vitality of yeast.
